Receivcd May 15, 1992 LI, J., HEATH, I. B., and PACKER, L. 1993. The phylogenetic relationships of the anaerobic chytridiomycetous gut fungi (Neocallimasticaceae) and the Chytridiornycota. 11. Cladistic analysis of structural data and description of Neocallimasticales ord.nov. Can. J . Bot. 71: [393][394][395][396][397][398][399][400][401][402][403][404][405][406][407]. We investigated the phylogenetic relationships of thc Chytridiomycota and the chytridiomycetous gut fungi with a cladistic analysis of42 morphological, ultrastructural, and mitotic characters for 38 taxa using both maximum parsimony and distance algorithms. Our analyses show that there are three major clades within the Chytridiomycota: the gut fungi, thc Blastocladiales, and the Spizellomycetales-Chytridialcs-Monoblepharidales. Conscqucntly. we elevated the gut fungi to the order Neocallimasticales ord.nov. Our results suggest that a modified Chytridiales, including the Monoblepharidales. is a monophyletic group. In contrast the Spizellomycetales are paraphyletic because the Chytridiales arose within them. The separation of the traditional Chytridiales into two orders is thus doubtful. Although the Blastocladiales are closer to members of the Spizellomycetales than the Chytridiales, the cladistic analyses of both structural and rRNA sequence data do not support the idea that the Blastocladiales were derived from the Spizellomycetales. We suggest emendations to the classification of the Chytridiomycota and note which groupings require further analysis. Our phylogeny for the currently recognized species of gut fungi is inconsistent with the existing classification. Noncthcless, pending furthcr investigations, we prefer to retain the existing, casily defined genera for which a key is provided.
Introduction
A good taxonomic system should reflect the phylogenetic relationships among taxa, not just a series of artificial ranks based on character similarity. Taxonomy of the Chytridiornycota was originally, of necessity, based on morphological characters. However, these criteria were shown to b e quite variable owing to environmental change (Miller 1976) . A s a result, the taxonomy was quite artificial. With the advent of routine electron microscopy, it became possible to utilize zoospore ultrastructure in taxonomy. These features, as well as thallus development, were emphasized in a new taxonomic system proposed by Barr (1980 Barr ( , 1990 and other workers (Lange and Olson 1979) because they were thought to be more conserved and are less influenced by the environment (Barr 1980) . Together with mitotic characters, they may more accurately reflect the phylogenetic relationships among species (Barr 1978; Heath 1980 Heath , 1986 Powell 1978) .
In this new system, orders and genera were defined on 'Author to whom all correspondence should be addressed.
Printed In Canada 1 Imprim; au Canada zoospore ultrastructure, and families were defined on thallus development. The traditional Chytridiales was split into two orders, i.e., the Chytridiales sensu Barr and Spizellomycetales Barr, based on ribosome configurations, microbody -lipid complexes (MLC), and other criteria (Barr 1980) . However, this system is not perfect. First, the differences between the Spizellomycetales and Chytridiales were not distinct. There are some genera that can be assigned to either of the orders since they have characters of both orders, such as the Karlingia complex, Synchytrium, and Zygorhizidium (Barr and Dtsaulniers 1986; Montecillo et al. 1980; Beakes et al. 1988) . Second, the families were defined by developmental characters largely for convenience, and these characters are not reliable. F o r example, sporangial development may be both endogenous and exogenous in a single species, e.g., Entophylctis variabilis, Triparticalcar arcticum, Spizellomyces spp., Piromyces communis, and Caecomyces communis (Powell and Koch 1977; Barr 1984a; Barr et al. 1989; Wubah et al. 1991b ). In the present taxonomic system such variation would place each of these single species into two different families. Furthermore, as the number of Can. J. Bot. Downloaded from www.nrcresearchpress.com by YORK UNIV on 02/13/16
For personal use only. species studied has increased, the data base has expanded sig-
In some cases several species in a genus were identical for the selected nificantly, which makes subjective analysis of the data more characters, in which case the genus was the unit used. In other cases, difficult.
isolates or species within a genus differed. so that these were the units
There are now numerous cladistic methods of data analysis ""byzed (Table 3) .
designed to aid in phylogenetic reconstructions, but they have
In a more detailed analysis of the gut fungi alone. we used an expanded sct of 2 1 more specific characters (Table 4 ) from 10 species yet be the Chytridiomycota. the advent of and four genera (Table 5) . Ultrastructural data for Anaerorrzyces (Breton DNA sequence data has provided criteria that are et al. 1989) and Rur~zinornyces (Ho and Bauchop 1990) were unavailavailable for some Chytridiomycota (Bowman et al. 1992 ; Li able, hence these taxa were not included, and Heath 1992; DorC and Stah1 1991) but that have yet to be Morphological critcria such as opcrculation and sporangium and correlated with structural data. In addition to these opportunities zoospore size and shape were not analyzed since they are very variable, for clarifying chytrid phylogeny, controversy has developed concerning the chytridiomycetous gut fungi (Heath 1988; Bauchop 1989) . Although they were formally assigned to the Neocallimasticaceae in the Spizellomycetales, they differ from both the Spizellomycetales and the Chytridiales in a number of ways such that their assignment to the Spizellomycetales is questionable (Billon-Grand et al. 1991; Heath and Bauchop 1985; Li et al. 1990 Li et al. , 1991 Munn et al. 1987; Yarlett et al. 1986 ).
We have discussed a limited rRNA sequence analysis of the Chytridiomycota in a previous paper (Li and Heath 1992) . A cladistic analysis of the available structural data in conjunction with this work may further clarify the phylogeny and taxonomy of the Chytridiomycota. This paper focuses on such an analysis of the structural data and integrates the results from both approaches in producing a revised phylogeny and taxonomy of the Chytridiomycota.
Methods
Taxa, character-seiectior~s, arzd coding
We selected 38 taxonomic units representing genera, species, and isolates from the major groups of the Chytridiomycota for our analysis of the division ( Table 1 ). The units were selected on the basis of the 42 characters used (Table 2 ) and the availability of adequate data. eve; in an isolate (Miller 1976) . In contrast, developmental characters, such as sporangial development, are more stable (Whiffen 1944; Barr 1980 ) and were included. The ultrastructural characters were predominantly from zoospores since they are conserved both within and between isolates (Powell 1978; Barr 1978, 19810) . The kinetosome and its root system and the MLC, which are considered to be good phylogenetic indicators because they are stable, easily identified, and refractory to fixation-induced changes (Powell 1978; Barr 1978, 198 la) , were emphasized. Vaguely defined organelles such as y bodies, various vesicles, and inclusions were excluded, since their homology among the chytrids could not be established.
It is very difficult to justify ordering character states for many characters in the chytridiomycetous fungi. Without a fossil record, a poor knowledge of character function, and little analysis of ontogenetic variation, any proposed ordering of states is pure speculation. Consequently, ail characters were treated as unordered. Some characters, such as thallus morphology (characters 4-6), type of MLC (characters 18 -2 l), and type of kinetosomes (characters 22 -25), form character state trees that were coded by nonredundant linear coding (O'Grady and Deets 1987; Wiley et al. 199 1) . Question marks indicate that the data were unavailable. (Beakes 1989 ) and molecular sequence data showed that the Oomycota separated from the Chytridiomycota in early evolutionary history (Gunderson et al. 1987) . Both the Chytridiomycota and Oomycota have vegetative and asexual stages that can be compared. Therefore we selected one of the best-studied genera of the Oomycota, Saprolegnia, as an outgroup for the Chytridiomycota. For similar reasons, Spizellomyces punctatiis was selected as an outgroup in the gut fungi analysis.
Tree corzstruction
The PAUP (phylogeny analysis using parsimony) version 3.0 (Swofford 1989) and the FrTcH (Fitch-Margoliash algorithm) program from the PHYLIP package version 3.4 (Felsenstein 1991) were used to construct phylogenetic trees. In PAUP, both HEURISTIC and BRANCH AND BOUND algorithms were used in finding the most parsimonious trees. For the chytridiomycetous data set, the following options were used: MAXTREE, 20000; optimization, ACCTRAN; typeset, ALL UNORDERED; wtset, EQUAL WEIGHTS; exset, ALL INCLUDED; ancStateS, STANDARD; rooting, OUTGROUP; HEURISTIC search algorithm (stepwise addition sequence, RANDOM; branch-swapping, NNI, MULPARS, COLLAPSE, zero-length branches; STEEPEST DESCENT was not in effect). For the gut fungi data set, similar options were used except that the BRANCH A N D BOUND algorithm replaced the HEuRlsTrc search algorithm. For both dam Sets, the 50% majority-rule consensus tree option was used to represent the phylogeny. The mean pairwise distances between taxa calculated by PAUP (Tables 6 and 7) were used as input data for FITCH. In the FITCH algorithm, the global search option was used. The PAUP program was run either on a Macintosh Plus with 4 megabytes of RAM or a Macintosh LC computer with 10 megabytes of RAM and a math coprocessor. The latter was approximately 10 times faster than the former. The FITCH program was run on a VAX 4000-300 mainframe computer.
Results

Taxonomy and phylogeny of the Chytridiornycota
A total o f 19 055 equally parsimonious trees was generated b y PAUP with the N N I option. T h e tree length was 181, with a consistency index (CI) of 0.56 and a retention index (RI) o f 0.77. A 50% majority-rule consensus tree was generated f r o m the above equally parsimonious trees and had a tree length o f 182, CI o f 0.555, and RI o f 0.771 (Fig. 1) . T w o kinds o f pairCan. J. Bot. Downloaded from www.nrcresearchpress.com by YORK UNIV on 02/13/16
For personal use only. wise evolutionary distances between taxa were generated by the tree constructed with the mean distance is shown (Fig. 2) . PAUP, absolute distance and mean distance (Table 6 ). The phyloThe phylogenetic trees generated by both methods had simigenetic trees constructed by FITCH with the two sets of dislar major groupings. Basically, there were three major distinct tances had the same topology and similar branch lengths. Only groups: the gut fungi, the Blastocladiales, and the SpizelloCan. J. Bot. Downloaded from www.nrcresearchpress.com by YORK UNIV on 02/13/16
For personal use only. mycetales -Chytridiales -Monoblepharidales. Monoblepharella and Oedogoniotnyces, the two Monoblepharidales genera, were clustered with No~vakowskiella and Cladochytriurn, two polycentric genera of the Chytridiales in the trees generated by both algorithms. In the parsimony tree, most Chytridiales, excluding S)azclzytrium spp., formed a distinct group including the Monoblepharidales, whereas the Spizellomycetales did not form a monophyletic group. In contrast, two clusters corresponding roughly to the Chytridiales and Spizellomycetales were found in the distance tree. The most notable anomalies in these trees were ( i ) Soroclzytriurn, which clustered with the Blastocladiales in the distance tree but not in the parsimony tree, (ii) Synclzytrium spp., which consistently clustered within, or closer to, the Spizellomycetales than the Chytridiales, and (iii) Karlirzgia C and D, which consistently clustered with the Chytridiales rather than the Spizellomycetales. The Blastocladiales were a well-defined group. They are closer to members of the Spizellomycetales than the Chytridiales in the parsimony tree and show similar affinities to the Spizellomycetales and the Chytridiales in the distance tree. All the gut fungi formed a single clade, which was the first group separated from the other chytrids in both trees.
Phylogeny of chytrirliottzyceto~ts gut fifilrzgi
A total of 162 equally parsimonious trees with length of 4 1 , C1 of 0.79, and RI of 0.74 were generated by PAUP with the branch and bound option for the gut fungi data set. The 50% majority-rule consensus tree generated from these equally parsimonious trees was the same as one of the most parsimonious trees (Fig. 3) . Similarly, the phylogenetic trees constructed by FITCH with the two sets of distances (Table 7 ) had the same topology and were similar in branch length. Only the tree constructed with the mean distance is shown (Fig. 4 ) .
Both phylogenetic trees clustered the two polyflagellate genera (Orpinonzyces and Neoca1li1nasti.r) together (Figs. 3 and 4 ) . The relationships between the uniflagellate genera were unclear. Pirotnyces dumbonica and Caecomyces equi consistently clustered together. The remaining species of Pirotnyces are p l ytomous. However, C. cotnmunis was consistently isolated and closer to the polyflagellate species than to the other uniflagellate species (Figs. 3 and 4 ) .
Because the outgroup chosen for these analysis (Spizellornyces) is a more derived genus than the gut fungi ( Figs. 1  and 2 ) , we also analyzed the data set using PAUP with Blastocladiella, Catenaria, and Saprolegnia, either singly or in various Can. J. Bot. Downloaded from www.nrcresearchpress.com by YORK UNIV on 02/13/16
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based on structural characters of the Chytridiornycota combinations, as outgroups. These results (not illustrated) were variable, some were similar to Fig. 3 , others closer to Fig. 4 and others placed Orpinotnyces as the earliest branch in the group, remote from Neocallitnastix. None generated monophyletic clusters for Piromyces and Caecomyces. Barr (1980 Barr ( , 1990 split the traditional Chytridiales into two orders, the Spizellornycetales and the Chytridiales sensu Barr and proposedthat there were two evolutionary lines among the Chytridiomycota, one from the Chytridiales to the Monoblepharidales, the other from the Spizellomycetales to the Blastocladiales. Our cladistic analysis shows that the Spizellomycetales, Chytridiales, and Monoblepharidales form a monophyletic group, separate from the Blastocladiales and Neocallimasticaceae. This finding is consistent with the limited rRNA based phylogeny that also clustered the Spizellornycetales and the Chytridiales, separate from the Blastocladiales and gut fungi (Bowman et al. 1992; Li and Heath 1992) . The distinction between the Spizellomycetales, Chytridiales, and Monoblepharidales is not obvious, especially in the parsimony tree, which disagrees with Barr's (1980) separation of the traditional Chytridiales. This was not totally unexpected (as previously recognized; Barr 1980; Barr and DCsaulniers 1986; Beakes et al. 1988 ) since some genera, such as the Karlitzgia complex, Synchytrium, and Zygorlzizidiutn, have characters of both orders.
Discussion
Taxonomy and phylogeny of the Chytridiotnycota
However, in the distance tree, the traditional Chytridiales are divided into two groups, most members of which do correspond to Barr's (1980) Chytridiales and Spizellomycetales, and in the parsimony tree most of Barr's Chytridiales do occur in a single group. However, some revisions are necessary. Karlingia types C and D are close to the Chytridiales, while previously they were assigned to the Spizellomycetales (Barr and DCsaulniers 1986) . On the other hand, Synchytrium is close to the Spizellornycetales and probably deserves ordinal status of its own. Previously it was assigned to the Chytridiales (Barr 1980 (Barr , 1990 , but it was pointed out that its relationship with other chytrids was unclear (Barr 1980 , 1 9 8 1~) .
Overall, our analyses do support a taxonomy that recognizes a modified Chytridiales as a group, but the best treatment of the paraphyletic Spizellomycetales requires further investigation, possibly by use of rRNA sequence analysis of a greater range of Can. J. Bot. Downloaded from www.nrcresearchpress.com by YORK UNIV on 02/13/16
For personal use only. Barr (1980 Barr ( , 1990 used thallus development to define families but pointed out that the families in the Chytridiomycota should also be defined on zoospore ultrastructure (Barr 1988) . Only two of Barr's families are relatively well defined in the parsimony tree. One is the Cladochytriaceae, which consists of Cladochytrium and Nownkowskiella, and the other is the Spizellomycetaceae, which needs revisions. It should include the exogenous Entophlyctis and exclude the endogenous Karlingia complex. The remaining families do not form monophyletic groups.
Olpidium, Rozella, Caulochytrium, and Karlingia A form a monophyletic group in the distance tree but not in the parsimony tree. These species are related by a striated rhizoplast and dispersed ribosomes in the zoospores, although they belong to different families according to Barr (1980 Barr ( , 1990 . However, the frequencies of the branch node of these species in the 50% majority-rule consensus tree are not very high (50 -67 %), which indicates that their relationships are ambiguous. Similarly, the Chytridiaceae form a monophyletic group in the distance tree, while the parsimony tree shows that they are paraphyletic. Clearly, more data are needed to clarify these problems.
Based on zoospore ultrastructure, the Harpochytriales were abandoned, Oedogoniomyces was transferred to the Monoblepharidales, and Harpochytrium was transferred to the Chytridiales (Barr 1990; Gauriloff et al. 1980a Gauriloff et al. , 1980b . Our analysis supports these moves. It shows that Oedogoniomyces and Monoblepharella are closely related to the two polycentric genera of Chytridiales (i.e., Cladochytrium and Nowakowskielln), which supports the Chytridiales-Monoblepharidales line proposed by Barr (1981a) . The ordinal status of the Monoblepharidales seems unwarranted, and they should perhaps be assigned as a family of the Chytridiales. However, it may be justifiable to retain them as an order since the sexual life cycle of at least Monoblepharella, which is completed by fertilization of a nonmotile female gamete by a motile male gamete, is very distinct from the Chytridiales (cf. Alexopoulos and Mims 1979) .
The Blastocladiales is a well-defined group except for Sorochytrium. Although it was assigned to the Blastocladiales by Dewell and Dewell (1990) , it does not consistently cluster with the rest of the order. Both distance tree analysis and rRNA sequence analysis (Li and Heath 1992; Bowman et al. 1992) show that the Blastocladiales have similar relationships with the Spizellomycetales and Chytridiales. In the parsimony tree, the Blastocladiales are closer to members of the SpizellomyceCan. J. Bot. Downloaded from www.nrcresearchpress.com by YORK UNIV on 02/13/16 tales than to those of the Chytridiales. In either case, the cladistic analysis does not support the idea that the Blastocladiales were derived from the Spizellomycetales. In the Blastocladiales, the relationships between the genera are unclear, with little support for existing families.
Originally, the gut fungi were assigned to the Spizellomycetales as the Neocallimasticaceae (Heath et al. 1983 ) based on zoospore ultrastructure. Later Heath and Bauchop (1985) found that the mitotic characters of Neocallimastix, the type genus, were different from those of other chytrids; consequently they concluded that the gut fungi had a distant relationship with the chytrids and noted that the taxonomic position of the gut fungi was problematic (Heath 1986 ). Munn et al. (1987) suggested that a new order with affinities to both the Chytridiales and Spizellomycetales might be justified for the gut fungi. The cladistic analysis of structural data, as well as rRNA data (Li and Heath 1992; Bowman et al. 1992; DorC and Stahl 1991) , show that the gut fungi are monophyletic and clearly members of the Chytridiomycota (Li and Heath 1992) , but they are not closely related to the existing orders. Consequently, a new order, the Neocallimasticales, is established for all the chytridiomycetous gut fungi.
Neocallimasticales ord.nov.
Thallus monocentricus vel polycentricus; zoosporae uniflagellatae vel polyflagellatae; ribosomata zoosporae aggregata et tus including characteristic circumflagellar ring, skirt, and spur; mitochondria, microbody-lipid complex, and rumposomes absent; microbodies (hydrogenosomes) and posterior dome present.
HABITAT: Anaerobically inhabit the digestive system of herbivorous animals.
NOTE: The order includes a single family, the Neocallimasticaceae and five or six genera.
We note that all of the above characters, excluding thallus type and number of flagella are apomorphic.
The interrelationships between the orders of the Chytridiomycota requires further clarification because in addition to the questions about the Spizellomycetales -Chytridiales -Monoblepharidales group, the present morphological data suggest that the Blastocladiales are more closely related to this assemblage than are the Neocallimasticales, whereas the limited molecular data suggest the opposite (Li and Heath 1992) .
Taxonomy and phylogerzy of gut fingi
At present, the taxonomy of the chytridiomycetous gut fungi is based on simple but undoubtedly artificial characters such that genera are defined on the basis of thallus morphology, rhizoid type, and number of flagella alone, and species are mostly based on details of zoospore ultrastructure. In principle the present analysis of all available morphological and ultrastructural characters should provide a more natural and consistent grouping of the isolates, which should be comparable with the limited rRNA sequence data previously published; however, such is not the case. For example, on one set of characters Orpirzornyces consistently is most distant from all other genera ( Figs. 1 and 2 ), but with the narrower set of characters its position varies substantially depending on the outgroup chosen. Each of the tested outgroup species is a valid choice, and consequently we are unable to determine the most valid tree. The rRNA sequences are similarly confusing, placing Orpinotnyces either with Pirornyces, remote from Neocallirnastix (DorC and Stahl 199 1 ; Li and Heath 1992) or with Neocallimastix, more remote from Pirornyces (Li and Heath 1992) . The three species of Neocallir,zastix frequently form a single cluster (with or more distant from 0rpinohyces) on morphological characters (Figs. 3 and 4) , suggesting that it may be a good genus, but Pirornyces and Caecomyces, while consistently mostly separate from Neocallimastix and Orpitzotnyces, do not form two separate clusters along current generic lines. As noted previously, physiological characters seem unlikely to help resolve these questions (Philips and Gordon 1988) , and based on the OrpinomycesNeocallimastix-Pirotnyces examples above, it is doubtful that rRNA analyses will be unequivocal. Indeed, we have analyzed data from DorC and Stahl (1991. Table 2 ) with an artificial outgroup by using FITCH and NEIGHBOR algorithms from the PHYLIP package. The results show that Caecomyces is the sister group to the remaining three genera, and the phylogenetic relationships among Neocallir7zastix, Pirotnyces, and Orpinomyces are controversial.
Although the current taxonomic scheme may not be ideal, for example, rhizoid morphology is variable within a single Can. J. Bot. Downloaded from www.nrcresearchpress.com by YORK UNIV on 02/13/16
isolate (Gold et al. 1988; Wubah et al. 1991b) , it is easy to and a maximum of four versus many ( > 10) flagella per zoouse. For example, no isolates producing predominantly mycespore, and monocentric thalli are clearly distinct from polylioid rhizoids have ever been shown to produce bulbous rhizoids, centric ones. Consequently at present, we prefer to retain these there does seem to be a clear break between a minimum of one existing genera and present a key to aid in their identification.
Key to current genera of the chytridiomycetous gut fungi
In conclusion, cladistic analysis of structural data shows that (i) the Chytridiales, Spizellomycetales, and Monoblepharidales are closely related, and their separation into individual orders is questionable; (ii) the Blastocladiales are a monophyletic group separate from both the Spizellomycetales and Chytridiales, with no special relationship with the Spizellomycetales; and (iii) gut fungi are distinct from both the Spizellomycetales and Chytridiales on morphological, ultrastructural, mitotic, and molecular characters. Consequently a new order, the Neocallimasticales, is established for them.
